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Abstract An abundance of evidence indicates that the tropics are expanding. Despite many attempts to
decipher the cause, the underlying dynamical mechanism driving tropical expansion is still not entirely
clear. Here, based on observations, multimodel simulations from the Coupled Model Intercomparison
Project phase 5 (CMIP5) and purposefully designed numerical experiments, the variations and trends of the
tropical width are explored from a regional perspective. We find that the width of the tropics closely
follows the displacement of oceanic midlatitude meridional temperature gradients (MMTG). Under global
warming, as a first‐order response, the subtropical ocean experiences more surface warming because of the
mean Ekman convergence of anomalously warm water. The enhanced subtropical warming, which is
partially independent of natural climate oscillations, such as the Pacific Decadal Oscillation, leads to
poleward advance of the MMTG and drives the tropical expansion. Our results, supported by both
observations and model simulations, imply that global warming may have already significantly contributed
to the ongoing tropical expansion, especially over the ocean‐dominant Southern Hemisphere.
Plain Language Summary Both observations and climate simulations have shown that the edges
of tropics and associated subtropical climate zone are shifting toward higher latitudes under climate
change. The underlying dynamical mechanism driving this phenomenon that has puzzled the scientific
community for more than a decade, however, is still not entirely clear. A number of investigations argued
that the atmospheric processes, in the absence of the ocean dynamics, lead to the tropical expansion. For
example, increasing greenhouse gases, decreasing ozone and increasing aerosols are suggested to be the
dominant factors contributing to expanding the tropics. However, these investigations are mostly based on
model simulations, and observations show a much more complex evolution of expanding tropics. By
examining the tropical width individually over each ocean basin, in this study, we find that the width of the
tropics closely follows the displacement of oceanic midlatitude meridional temperature gradients
(MMTG). Under global warming, as a first‐order response, the subtropical convergence zone experiences
more surface warming due to background convergence of surface water. Such warming induces poleward
shift of the oceanic MMTG and drives the tropical expansion.
1. Introduction
The tropics are the warmest regions of the globe, where the Hadley circulation exists. The center of the tro-
pics is characterized by rising air and vigorous convection, known as the Intertropical Convergence Zone
(ITCZ), while the boundaries of the tropics are delineated by descending air and dry climate. Variations of
the tropical width shape the patterns of precipitation, heat waves, storm tracks, and ocean circulation and
therefore have broad social and environmental implications (Heffernan, 2016).
During the past 15 years, abundant evidence indicates that the boundaries of the tropics and the associated
subtropical climate zone are shifting toward higher latitudes under climate change, a shift commonly
referred to as tropical expansion (Archer & Caldeira, 2008; Bender et al., 2012; Cai & Cowan, 2013; Fu et al.,
2006; Hu & Fu, 2007, 2018; Hu et al., 2013; Johanson & Fu, 2009; Lu et al., 2007; Norris et al., 2016; Seidel
et al., 2008). This has been manifested in the poleward shift of the storm tracks (Yin, 2005), westerlies
(Chen et al., 2008), jet streams (Archer & Caldeira, 2008), precipitation patterns (Scheff & Frierson, 2012),
and clouds (Norris et al., 2016).
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Despite many investigations to disentangle the cause, the underlying dynamical mechanism driving tropical
expansion is still not entirely clear (Shaw, 2019; Staten et al., 2018). A number of investigations suggest that
atmospheric processes, in the absence of the ocean dynamics, lead to tropical expansion. For example, model
simulations suggest that increasing greenhouse gases (GHG) (Lu et al., 2007), stratospheric ozone depletion
(Polvani et al., 2011; Thompson et al., 2011), and increasing aerosols (Allen et al., 2012) are the dominant
contributors to expand the tropics. However, compared to model simulations, observations show a much
more complex evolution of expanding tropics in respect to its magnitude, regional characteristic, and inter-
annual variations (Allen & Kovilakam, 2017; Grise et al., 2019; Staten et al., 2018).
Proxies of past climate reveal that the subtropical climate zone also migrated in past glacial‐interglacial
cycles (Bard & Rickaby, 2009; Benz et al., 2016; Gersonde et al., 2005; Toggweiler & Russell, 2008). But, so
far, there is no evidence of glacial‐interglacial variability in ozone or aerosols. Concentration of GHG varied
considerably over glacial‐interglacial cycles (Petit et al., 1999). However, atmospheric sensitivity simulations
(Grise & Polvani, 2014) illustrate that the direct radiative effect of GHG has very limited contribution to
expanding the tropics (Staten et al., 2012). Recent studies (Yang et al., 2016, 2020) indicate that the
large‐scale ocean circulation is also shifting toward higher latitudes, raising the question of whether the
ocean is driving the changes in atmospheric circulation. Indeed, studies have found that spatial variations
in sea surface temperature (SST), in particular, the cold phase of Pacific Decadal Oscillation (PDO,
Mantua et al., 1997), are related to the observed tropical expansion. Hence, a growing body of literature sup-
ports the idea that the observed expanding tropics are due to natural climate oscillations (Allen &
Kovilakam, 2017; Allen et al., 2014; Grassi et al., 2012; Grise et al., 2018, 2019; Lucas & Nguyen, 2015;
Mantsis et al., 2017; Nguyen et al., 2013; Tandon & Cane, 2017).
Most of the previous research examines the width of the tropics in a zonal mean framework, in which the
regional characteristics of the tropical belt is masked by the zonal average. In this study, we explore the
mechanism driving the tropical expansion by examining the variability and trend of the tropical width
Table 1
List of CMIP5 Models Used in This Study
Model name Institutions
ACCESS1.0. Centre for Australian Weather and Climate Research
ACCESS1.3. Centre for Australian Weather and Climate Research
CanESM2 Canadian Centre for Climate Modelling and Analysis
CNRM‐CM5 Centre National de Recherches Meteorologiques / Europeen de Recherche et
Formation Avancees en Calcul Scientifique
CNRM‐CM5.2 Centre National de Recherches Meteorologiques / Centre Europeen de Recherche et
Formation Avancees en Calcul Scientifique
CSIRO‐Mk3.6.0 Commonwealth Scientific and Industrial Research Organisation in collaboration with
the Queensland Climate Change Centre of Excellence
GFDL‐CM3 Geophysical Fluid Dynamics Laboratory
GFDL‐ESM2G Geophysical Fluid Dynamics Laboratory
GFDL‐ESM2M Geophysical Fluid Dynamics Laboratory
GISS‐E2‐H NASA Goddard Institute for Space Studies
GISS‐E2‐R NASA Goddard Institute for Space Studies
HadGEM2‐ES Met Office Hadley Centre and Instituto Nacional de Pesquisas Espaciais
INM‐CM4 Institute for Numerical Mathematics
IPSL‐CM5A‐LR Institut Pierre‐Simon Laplace
IPSL‐CM5A‐MR Institut Pierre‐Simon Laplace
IPSL‐CM5B‐LR Institut Pierre‐Simon Laplace
MIROC‐ESM. Japan Agency for Marine Earth Science and Technology, Atmosphere and Ocean Research
Institute (The University of Tokyo), and National Institute for Environmental Studies
MIROC5 Atmosphere and Ocean Research Institute (The University of Tokyo), National Institute for
Environmental Studies, and Japan Agency for Marine‐Earth Science and Technology
MPI‐ESM‐LR Max Planck Institute for Meteorology (MPI‐M)
MPI‐ESM‐MR Max Planck Institute for Meteorology (MPI‐M)
MPI‐ESM‐P Max Planck Institute for Meteorology (MPI‐M)
MRI‐CGCM3 Meteorological Research Institute
NorESM1‐M Norwegian Climate Centre
NorESM1‐ME Norwegian Climate Centre
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individually over each ocean basin. We find that the tropical width closely follows the meridional variations
of the oceanic midlatitude meridional temperature gradient (MMTG). In a warming climate, an enhanced
ocean surface warming in the subtropical convergence zone (SCZ) causes a poleward advance of the
MMTG, which drives the tropical expansion and shifts the westerly winds, jet streams, and storm tracks
toward higher latitudes.
2. Materials and Methods
2.1. Data and Method
The width of tropics in each ocean basin is defined by a common metric of the latitude where the
near‐surface zonal wind changes from easterly to westerly within the 20–40° latitude bands (USF). The
USF metric is selected because it is representative of the tropical width and shows significant positive corre-
lation with many of the other metrics, such as the metrics based on the meridional streamfunction,
eddy‐driven jet, precipitation minus evaporation, and the subtropical high (Waugh et al., 2018). Here, we
use the near‐surface wind based on the state‐of‐the‐art high resolution (0.25° × 0.25°) atmospheric reanalysis
ERA5 data set (Hersbach et al., 2019). Given that the original ERA5 data can only distinguish change in wind
direction on a 0.25° resolution, we further linearly interpolate the zonal wind data to 0.01° resolution, in
order to avoid the resolution‐induced jumps in the evolution of tropical width.
Figure 1. Patterns of meridional SST gradient anomalies associated with wider tropics. Results are conducted by regressing the annual mean width of tropics
against the annual mean absolute value of meridional SST gradients (shading). Contours show the climatology meridional SST gradients. (a) Observational
results based on ERA5 and HadISST data sets. Stippling indicates regions where the regression passes the 95% confidence level (Student's t test).
(b) Multimodel ensemble mean result based on piControl experiment from CMIP5. Stippling indicates regions where more than 75% of the
models agree on the sign of the regression values. Note that the regressions are performed for each ocean basin separately.
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We compare the variations of the tropical width with that of the meridional variations of MMTG. The latter
is defined as the weighted latitudinal position of meridional SST gradients at each ocean basin between 25°










where YMMTG represents the meridional position of MMTG, Gsst is the absolute value of meridional SST
gradient, and y is the latitude. The Hadley Centre Global Sea Ice and Sea Surface Temperature
(HadISST) (Rayner et al., 2003) data set is used to compute the meridional variations of oceanic MMTG
and the temporal SST trend. The satellite‐based SST, that is, the Optimum Interpolation Sea Surface
Temperature (OISST) data set, is also used to cross validate the SST trend derived from HadISST data set.
Since the satellite observational SST only covers four decades, the decadal natural variability, such as the
PDO, may contribute to the linear trend. In our analysis, we also provide the SST trend without the PDO sig-
nal, in which the PDO signal is identified and removed from the original SST records by performing a linear
regression of the SST variability with respect to the PDO index (Mantua et al., 1997). A similar approach has
also been applied by Ionita et al. (2014). To understand the pattern of SSTwarming, the ocean reanalysis data
set, Simple Ocean Data Assimilation (SODA2.2.0, 1948–2008, Carton & Giese, 2008), is also used to create
the structure of background ocean circulation.
Figure 2. Patterns of zonal near‐surface wind anomaly associated with poleward displacement of oceanic MMTG. Shading shows the regression of indices of
meridional variations of MMTG against the zonal near‐surface wind. Contours give the climatology zonal near‐surface wind. Easterly winds are in dashed
lines; westerly winds are in solid lines; zero zonal winds are bold. (a) Observational results. Stippling indicates regions where the regression passes
the 95% confidence level (Student's t test). (b) Multimodel ensemble result based on CMIP5. Stippling indicates regions where more than 75%
of the models agree on the sign of the regression values.
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In addition to observational data, the piControl and 1pctCO2 experiments from the Coupled Model
Intercomparison Project Phase 5 (CMIP5) (Taylor et al., 2012) are used as well. Twenty‐four climate models
are included to obtain an ensemble mean result. Detailed information on the models we use is summarized
in Table 1.
To further disentangle the effect of ocean‐atmosphere dynamic coupling, we carry out four sets of sensitivity
experiments with the Finite Element Sea Ice‐OceanModel (FESOM, Wang et al., 2014) and the atmospheric
general circulation model ECHAM6 (Giorgetta et al., 2013). These experiments are introduced in
sections 4–6, where their results are discussed.
3. Coupling Between Tropical Width and Meridional Variations of MMTG
A fundamental driver of the atmospheric circulation is themeridional temperature gradient. Tropical expan-
sion is associated with a poleward displacement of westerlies, jet streams, and storm tracks (Archer &
Caldeira, 2008; Chen et al., 2008; Yin, 2005). These phenomena are all associated with the atmospheric mer-
idional temperature gradients (Kaspi & Flierl, 2007; Lesieur et al., 2000; Sampe et al., 2010; Yang et al., 2019),
raising the question of whether the displacement of the meridional temperature gradient is associated with
the tropical width.
Given that the tropical width does not vary homogeneously over all ocean basins (Amaya et al., 2018), we
examine the tropical width from a regional perspective. The annual‐mean tropical width over an individual
ocean basin is calculated as a metric of the latitude where the near‐surface zonal wind changes from easterly
to westerly in the subtropics (USF, see section 2). To get the corresponding pattern of SST gradient related to
the wider tropics, we regress the USF indices of tropical width onto a field of absolute value of meridional
SST gradients over their corresponding ocean basins (Figure 1). Both observations and model results from
the CMIP5 exhibit a decrease of SST gradient over the latitude band between 25° and 40°, while an
(a)
(b)
Figure 3. Standardized meridional variations of MMTG (gray lines) and width of tropics (colored lines) in different ocean basins. Positive values mean poleward
shift, and negative values indicate equatorward contraction. The detrended correlation coefficients between the two indices and their corresponding P value
(Student's t test) are given at the bottom of each panel, respectively. The gray shading shows the standard deviation of meridional variations of MMTG.
(a) Observational results based on ERA5 and HadISST data sets. (b) Multimodel ensemble results based on the 140 years of the 1ptCO2 experiment
from the CMIP5. Here, the R and P are multimodel ensemble mean values.
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Figure 4. Observational and simulated linear trend of SST. The stippled area shows the subtropical convergence zone based on wind stress curl (Figure 5a). The
right panels show the zonal mean of the SST anomaly with the subtropical convergence zone highlighted by gray shading. (a) Observational results based on
HadISST covering 1979–2018. (b) Observational results based on OISST covering 1982–2018. (c) Multimodel ensemble results based on the 140 years of the
1ptCO2 experiment from CMIP5. (d) SST anomaly under forcing of 1°C uniform surface warming. The result is based on an oceanic sensitivity
experiment conducted with a simplified aqua‐planet setup of FESOM (see last paragraph of section 4).
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increase of SST gradient is found over the latitude band between 40° and 55°. Such features are notable
across all ocean basins. The pattern illustrates that the wider tropics are linked to poleward displacement
of the meridional SST gradient over the midlatitude area, that is, MMTG.
We estimate themeridional variations ofMMTGby calculating themedian latitudinal position ofmeridional
SST gradients between 25° and 55° (see Equation 1). The resultant time series is then regressed onto the
near‐surface zonal wind, which is one of the parameters to identify tropical width. The results (Figure 2)
show that poleward displacement of the MMTG corresponds to a widespread easterly (westerly) wind
anomalies over the latitude band between 20° and 45° (50–70°). This pattern indicates that poleward shift
ofMMTG is intimately related to a poleward shift of the near‐surface winds, a typical feature of wider tropics.
We compare the indices of the MMTG with the tropical width in all ocean basins. As shown in Figure 3a,
variations of the tropical width andMMTG share very similar temporal evolutions, that is, wider tropics cor-
responds to a poleward shift of the regional MMTG, and vice versa. We notice that both indices show positive
trends, in particular over the Southern Hemisphere, implying that the edge of the tropics and the position of
the MMTG have moved toward higher latitudes during the past four decades.
The coherence between the tropical width and MMTG (Figures 1–3) suggests that they are strongly coupled.
On one hand, Yang et al. (2020) pointed out that the shift of the near‐surface wind associated with tropical
expansion drives a poleward migration of the large‐scale ocean gyres, contributing to a displacement of the
subtropical front (the sharpest temperature gradient in midlatitude) toward higher latitudes. On the other
hand, SST gradients have been demonstrated to be a powerful forcing in anchoring the location of the wes-
terly jet and midlatitude circulation (Hudson, 2012; Nakamura et al., 2004; Sampe et al., 2010). The coupled
(a)
(b)
Figure 5. The subtropical convergence zones (SCZs) illustrated from horizontal (a) and vertical (b) point of views. (a) Climatological pattern of ocean surface wind
stress curl. The SCZs are shown by the negative/positive wind stress curl over the subtropical Northern/Southern Hemispheres. Result based on the climatology
near‐surface ocean wind between 1979 and 2018. (b) Climatological streamfunction of globally meridional overturning circulation. Positive values indicate
clockwise flow, and negative values stand for anticlockwise flow. The thick black arrows illustrate the main features of surface currents. The red text
shows the position of SCZ. The results are based on SODA reanalysis covering 1948–2008.
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ocean‐atmosphere dynamics raises a new question as to whether the poleward displacement of oceanic
MMTG initially drives the atmospheric tropical expansion, or vice versa.
4. Poleward Advancing of the MMTG Under Global Warming
To address the above question, we explore the response of the MMTG to global warming based on the
1pctCO2 experiment from the CMIP5, in which the concentration of GHG increases 1% per year until it
has quadrupled. Figure 3b presents the variations of the MMTG and tropical width in the 1pctCO2 experi-
ment. Similar to observations (Figure 3a), the multimodel ensemble results indicate that the edge of the tro-
pics largely follows the meridional variations of MMTG, not only on an interannual timescale, but also for
the long‐term trend. It is worth emphasizing that the close correlation between the MMTG and the tropical
width is also notable in other CMIP5 experiments, such as the piControl, abrupt4×CO2, and RCP8.5 experi-
ments (not shown). We notice that most of the MMTG are migrating toward higher latitudes under GHG
forcing, except over the North Pacific Ocean, where the models simulate a relatively stationary MMTG
and tropical width (for reasons to be elaborated later).
To understand the reason for the poleward displacement of the MMTG, we examine the SST trends in obser-
vations and climate model simulations (Figure 4). A relatively faster surface warming over the subtropical
regions of the Pacific and the Atlantic Oceans are found over both hemispheres (Figure 4a, based on
HadISST, covering 1979–2018). Considering that the SST data before the satellite era are reconstructed with
relatively sparse observations, we cross validate the HadISST result with the satellite‐based data set OISST.
Similarly, the OISST, covering 1982–2018, illustrates a relatively faster surface warming over the subtropical
regions of all ocean basins, including the Indian Ocean (Figure 4b). These subtropical regions with enhanced
warming trend coincide with the SCZ (Figure 5), where the easterly winds and westerly winds converge the
Figure 6. Schematic diagram explaining tropical expansion. The shading indicates the sea surface temperature, the black dashed arrows illustrate the near surface
winds, the white patches are the subtropical convergence zones, and the thick gray dashed lines represent the subtropical fronts. The deep tropical heating
maintains the rising branch of the Hadley circulation, namely, the ITCZ. The upper airflow losses buoyancy when it is cooled by radiative cooling,
generating the sinking branch of the Hadley circulation near the subtropics. Under the forcing of trade and westerly winds, the subtropical ocean
is a zone of convergence of the surface water. Therefore, greenhouse gas‐induced radiative forcing produces more warming over the subtropical
convergence zone. Such warming pushes the midlatitude meridional temperature gradient and associated storm tracks, jet streams, and
descending branch of Hadley circulation toward higher latitudes.
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surface water via Ekman transport. It is worth noting that, previously, a similar enhanced subtropical
warming has also been detected in the troposphere (Fu et al., 2006), a layer where the ocean and
atmosphere are closely coupled.
Compared with observations (Figures 4b and 4c), the SST pattern under GHG forcing shows similar
enhanced surface warming over the subtropical oceans (except over the North Pacific Ocean). The enhanced
subtropical warming leads to a reduction/increase in the meridional temperature gradient over low/high
latitudes. Consequently, the MMTG is shifted toward the poles. Over the North Pacific Ocean, the simulated
strongest warming occurs over the subpolar ocean instead of the subtropical ocean (Figure 4c), likely due to
the retreat of Arctic sea ice (Deser et al., 2015). Such a pattern reduces the overall meridional SST gradients
over the Northern Pacific Ocean (not shown). However, the position of the MMTG remains relatively stable
(as shown in Figure 3b, the North Pacific section).
According to the Ekman transport theory, both the low‐latitude easterly wind and the midlatitude westerly
wind contribute to transporting the upper ocean water toward the SCZ. Therefore, the SCZ is a band of con-
vergence of surface water (Figure 5). These SCZs are also known as regions where floating marine debris is
accumulating (Eriksen et al., 2014). For the same reason, we propose that under global warming, the subtro-
pical ocean also accumulates surface heat and experiences more warming due to mean Ekman convergence
(Figures 5 and 6).
As the observed SST trends over the Pacific Ocean resemble the signature of the negative phase of PDO
(Figure 7), they were previously interpreted as internal climate variability (Allen et al., 2014; Allen &
Figure 7. Signature of negative phase of Pacific Decadal Oscillation (PDO). Results are obtained by regressing the standardized PDO index against the sea surface
temperature. (a) Observational result based on HadISST (1900–2018). Stippling indicates regions where the regression passes the 95% confidence level
(Student's t test). (b) Multimodel ensemble (24 models) result based on the last 100 years of CMIP5/piControl experiment. Stippling indicates regions
where more than 75% of the models agree on the sign of the regression values. The PDO index is defined as the first principal component of
empirical orthogonal function (EOF) analysis of the monthly SST data over the North Pacific Ocean (poleward of 20°N).
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Kovilakam, 2017; Grise et al., 2019; Mantsis et al., 2017; Tandon & Cane, 2017). However, we notice that the
negative phase of PDO only manifests warming over the subtropical Pacific Ocean, which is not consistent
with the fact that the observed subtropical warming occurs in all ocean basins in both hemispheres. More
importantly, the enhanced subtropical ocean warming still remains even if the PDO signal is removed
(Figure 8) or during a positive phase (2014–2018) of PDO (Figure 9). These facts suggest that part of the
enhanced warming over the SCZ is independent from the fluctuations of PDO. As we suggested, the
background convergence of surface warmed water can lead to enhanced warming of the SCZ under global
warming.
To verify our hypothesis, we conduct a set of sensitivity experiments using a simplified aqua‐planet setup
with FESOM (Wang et al., 2014). In this simplified setup, the ocean is forced only by surface air temperature
and zonal surface wind (no seasonality). The net ocean surface heat flux is prescribed as SAT− SST, in
which SAT is the prescribed surface air temperature and SST is the sea surface temperature. The ocean
has a uniform 4,000 m water depth and a uniform salinity of 34 PSU. The control run is integrated for
1,200 years using the prescribed surface air temperature and zonal surface wind forcing (Figure 10). The sen-
sitivity simulation is initialized from the 1,000th year of the control run and integrated for 200 years using a
spatially and temporally uniform forcing of 1°C warmer surface air temperature (wind forcing is the same as
the control run). The last 100 years of the sensitivity simulation is used to compare with the last 100 years of
the control run. As shown in Figure 4d, even though the surface air temperature forcing is uniform, the
increase in SST is not. The SCZ warms faster than other regions due to background Ekman convergence.
The enhanced warming over the subtropical oceans expand the tropical warm water zone, leading to a
Figure 8. (a, b) Observational linear trend of sea surface temperature after removing the signal of Pacific Decadal
Oscillation (PDO). The PDO signal is identified and removed from the original SST records by performing a
linear regression of the SST variability with respect to the PDO index. A similar approach has also been
applied by Ionita et al. (2014). The stippling area locates the subtropical convergence zone according
to the pattern of wind stress curl (Figure 5a).
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Figure 9. (a) Observational SST anomaly during the last 5 years of the satellite era (2014–2018, positive phase of PDO) referenced to the first 5 years of the satellite
era (1982–1986). (b) Index of the Pacific Decadal Oscillation (PDO). An enhanced subtropical warming pattern appears over all the ocean basins,
corresponding to the subtropical convergence zone illustrated by the stippling area.
Figure 10. Climatology conditions simulated by a simplified aqua‐planet setup of FESOM. Results based on the last 100 years of climatology conditions in the
control run. (a) sea surface temperature (left), forcing of surface air temperature (middle‐left), near surface wind (middle‐right), and wind stress curl (right).
Gray shading area in the right panel marks the subtropical convergence zone. (b) Climatological streamfunction of global meridional overturning
circulation. Positive values indicate clockwise flow, and negative values stand for anticlockwise flow. The thick black arrows illustrate the main
features of surface currents. The red texts show the location of the SCZ.
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poleward advance of the MMTG. Our aqua‐planet experiment illustrates that the poleward advance of the
MMTG occurs primarily due to the background ocean circulation, which is independent from the changes
in atmospheric circulation (as the wind forcing remained the same in the two simulations).
Figure 11. Tropical expansion driven by poleward shift of midlatitude meridional temperature gradients (or enhanced subtropical warming). (a) Idealized SST
anomaly applied in the ECHAM6 sensitivity simulation. The right panel shows the zonal mean profile of the SST anomaly. (b) Pattern of near‐surface zonal
wind anomaly under increasing SST forcing over the subtropical region (Figure 11a). Results based on ECHAM6 atmospheric sensitivity simulation. Stippling
denotes regions where the anomalies are significant (Student's t test). (c) Observational trend of near‐surface zonal wind. Results based on the ERA5 data covering
1979–2018. Stippling indicates regions where the trends pass the 95% confidence level (Student's t test). The right panels in (b) and (c) present the zonal mean
profiles of climatology (blue) and trend (red) of zonal near‐surface wind.
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5. Tropical Expansion Driven by Enhanced Subtropical Warming
To examine whether the enhanced subtropical ocean warming and the associated poleward shift of the ocea-
nic MMTG are able to drive wider tropics, we carried out a sensitivity experiment using the atmospheric
model ECHAM6 (Giorgetta et al., 2013). In the control run, we force the atmosphere using climatological
SST (1979–2008), while the sensitivity simulation is conducted by introducing a slightly warmer SST
(0.1 K) over the subtropical ocean (Figure 11a). With a 0.1 K SST warming over the subtropical ocean
(Figure 11a), the meridional SST gradient is reduced over the low latitudes while enhanced over the high
latitudes. Hence, the MMTG is artificially shifted toward higher latitudes. Both simulations are integrated
for 150 years, and the last 100 years are used for analysis. The results show that warmer SST over the subtro-
pical ocean is able to drive the tropical expansion resembling that seen in observations (Figures 11b and 11c).
Sensitivity simulations carried out by other atmospheric models also confirmed that the width of Hadley cir-
culation is sensitive to the subtropical SST anomaly (Brayshaw et al., 2008; Chen et al., 2010; Tandon et al.,
2013; Zhou et al., 2020), suggesting that our results are not model dependent.
Some previous studies suggested that raising global mean temperature contributes to expanding the tropics
(Frierson et al., 2007; Medeiros et al., 2015; Son et al., 2018; Staten et al., 2014). The above sensitivity simula-
tion introduces an additional signal of increased global mean temperature, which might also be the cause of
expanding tropics. To exclude such a possibility, we perform another sensitivity simulation by shifting the
MMTG under a global cooling condition. This approach is achieved by introducing an SST cooling of
Figure 12. Tropical expansion driven by poleward shift of midlatitude meridional temperature gradients under a global cooling condition. (a) Idealized SST
anomaly applied in the ECHAM6 sensitivity simulation. The right panel gives the zonal mean SST anomaly. (b) Zonal wind anomaly obtained in the
sensitivity simulation. The right panel gives the zonal mean climatology (blue) and anomaly (red) of zonal wind. Stippling indicates regions where
the anomalies pass the 95% confidence level (Student's t test). Note that in this setup, there is global cooling signal, but the tropics still expands
due to relative warmer SST over the subtropical ocean.
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−0.1 K globally, except that over the midlatitude (Figure 12a). In this setup, the global mean temperature is
reduced, while the signal of shifting MMTG remains. Again, the sensitivity simulation is integrated for 150
years, and the last 100 years are used for analysis. As shown in Figure 12b, the widening of the tropics still
persists despite the global cooling condition, indicating the potency of the temperature gradient in driving
the atmospheric circulation response.
6. Responses of SST to Tropical Expansion
The above two sets of experiments explore the response of atmospheric circulation to SST changes.
Considering that the atmosphere and the ocean are closely coupled, it is interesting to examine how the
SST responds to tropical expansion. Here, we carried out one more sensitivity experiment using the ocean
model FESOM (Wang et al., 2014). The control run is forced with climatology (1948–1999) atmospheric for-
cing based on the CORE‐II data sets (Large & Yeager, 2009). The sensitivity simulation is the same as the
control run, except for adding a zonal wind anomaly (Figure 13a) resembling the tropical expansion indi-
cated by the observations (according to the zonal mean wind trend based on Figure 11c). The control run
is integrated for 100 years, and the sensitivity simulation runs for 50 years initialized from the 50th year of
the control run. We compare the last 10 years of both simulations. As shown in Figure 13b, poleward displa-
cement of surface winds (wider tropics) leads to a cooling/warming over the equatorial/polar flanks of SCZ.
This is primarily because the shift in wind helps to shift the major ocean gyres (Yang et al., 2020) and trans-
port more heat from lower latitudes toward higher latitudes. This experiment suggests that wider tropics
Figure 13. Sensitivity simulation of SST anomaly under forcing of poleward shift of surface wind. (a) Zonal surface wind anomaly applied in the sensitivity
simulation. The right panel gives the zonal mean climatology (blue line) and anomaly (red line) of wind. (b) SST anomaly under forcing of shifting wind.
The right panel gives the zonal mean SST anomaly (red). Results are based on sensitivity experiment carried out by FESOM. Stippling denotes regions
where the anomalies are significant (Student's t test).
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cannot produce subtropical warming that seen in observations. Instead, it plays a secondary role in modify-
ing the enhanced subtropical warming induced by the convergence of surface water.
We propose that under global warming, the SCZ experiences more warming due to mean Ekman transport.
The enhanced subtropical warming and associated poleward advance of the MMTG drives the tropical
expansion and shift the atmospheric winds, jet streams, and storm tracks toward poles (Figure 6). The dis-
placement of atmospheric winds, in turn, forces a poleward shift of the wind‐driven ocean circulation and
causes a migration of the oceanic subtropical front toward higher latitudes (Fyfe et al., 2007; Yang et al.,
2020). Themigration of the subtropical front further shift theMMTG toward poles, activating a positive feed-
back. Due to the coupled ocean‐atmosphere feedback, the final maximum subtropical warming, equilibrated
with ocean changes, occurs not at the center of the background SCZ, but slightly at the polar flank of the SCZ
(Figures 4a–4c).
7. Discussion and Conclusions
The Hadley circulation is driven by the uneven meridional heating between the tropics and the subtropics.
Held (2000) proposed that the edge of the tropics is determined by the latitude where baroclinic instability
becomes sufficiently strong so that baroclinic eddies break out to terminate the angular momentum conser-
vation regime of the zonal wind. The baroclinicity ties strongly to the temperature gradients, affecting the jet
streams, storm tracks, and westerlies (Kaspi & Flierl, 2007; Lesieur et al., 2000). Under global warming, the
enhanced subtropical warming operates at the proximity of the largest atmospheric baroclinic instability and
serves as a factor for reducing the subtropical temperature gradient, pushing the MMTG and baroclinic
instability poleward. The warming over the subtropical region, therefore, shifts the edge of the Hadley Cell
(i.e., the latitude where baroclinic instability becomes significantly strong) toward higher latitudes
(Figure 6). The expansion of the Hadley Cell and the associated shift in wind in turn drive a poleward shift
of the major ocean gyres and the subtropical fronts (Yang et al., 2020). This ocean response further shifts the
MMTG poleward (Figure 13) and promotes the shift in atmospheric circulation.
Under the forcing of observational aerosols and ozone, climate models also produce tropical expansion
(Allen et al., 2012; Polvani et al., 2011; Thompson et al., 2011). By absorbing radiation over different wave-
length bands, the black carbon aerosols and ozone have a similar radiative heating effect to CO2. However,
unlike CO2, which has an almost uniform spatial distribution, the distribution of aerosols and ozone strongly
varies spatially. Increasing black carbon aerosol and tropospheric ozone over midlatitudes introduces a heat-
ing effect over the midlatitudes (Allen et al., 2012), which has the potential to reduce the local baroclinicity
and sustain a poleward shift of atmospheric MMTG. The stratospheric ozone depletion over the Antarctic
cools the stratosphere (Orr et al., 2012; Randel & Wu, 1999; Thompson et al., 2011) and reduces the down-
ward longwave radiation into the troposphere. Eventually, the ozone depletion over the Antarctic maintains
steeper high‐latitude north‐south temperature gradients (Grise et al., 2009) and causes the migration of the
MMTG and associated jet stream and westerlies toward higher latitudes. Therefore, we argue that the shift in
MMTG is also the key factor for the Hadley Cell expansion under forcing of aerosols and ozone. By testing
CO2 forcing at different latitude bands, Shaw and Tan (2018) also found that the subtropical warming cen-
tered around 30° latitude provides the largest contribution to the tropical expansion. Very likely, the same
MMTG mechanism also operates in their case.
Previous studies indicate that tropical expansion has strong regional dependence (Chen et al., 2014; Grise
et al., 2018; Kim et al., 2017; Lucas & Nguyen, 2015; Staten et al., 2019). We find that the regional character-
istics of tropical expansion are primarily determined by the regional variations of the MMTG (Figure 3).
Under forcing of increasing GHG and increasing SST, the CMIP5 1pctCO2 experiment does not project
wider tropics over the North Pacific Ocean (Figure 3b). Such an exception provides an example showing that
the GHG and increasing mean temperature are not the most efficient element to drive tropical expansion.
Instead, our results illustrate that the meridional displacement of MMTG are strongly coupled with the
width of the tropics, providing an explanation for the regional dependence of widening tropical belt.
On seasonal time scale, the edge of the tropics and associated storm tracks, westerlies, and jet streams
migrate toward higher latitude during summer and vice versa during winter, primarily following the
MMTG, induced by solar irradiance. On interannual to interdecadal time scales, the El Ni˜n o‐Southern
Oscillation (ENSO) and PDO are suggested to be related to the tropical expansion (Allen & Kovilakam,
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2017; Allen et al., 2014; Grassi et al., 2012; Grise et al., 2018, 2019; Lu et al., 2008; Lucas & Nguyen, 2015;
Mantsis et al., 2017; Nguyen et al., 2013; Tandon & Cane, 2017; Zhou et al., 2020). The negative phase of
PDO/ENSO features warming over the subtropics, resulting in a poleward expansion of the MMTG and
the tropical belt. The opposite is true for the positive phase of PDO/ENSO. From a paleoclimate
perspective, the tropics are narrower during glacial periods (Son et al., 2018). This is likely the result of
high‐latitude sea ice and cold water advancing toward lower latitudes (Annan & Hargreaves, 2013), giving
rise to an equatorward contraction of the MMTG.
During 1979–2013, the PDO underwent an overall negative trend (Figure 9b), and this trend has been argued
to be responsible for the observed tropical expansion (Allen & Kovilakam, 2017; Grassi et al., 2012; Grise
et al., 2019; Mantsis et al., 2017; Tandon & Cane, 2017). Since the PDO itself is an internal mode of climate
variability, many studies suggested that the trend of the tropical expansion during the recent few decades is
largely a part of natural climate variability (Allen & Kovilakam, 2017; Allen et al., 2014; Grassi et al., 2012;
Grise et al., 2018, 2019; Lucas & Nguyen, 2015; Mantsis et al., 2017; Nguyen et al., 2013; Tandon & Cane,
2017). However, our analysis of observations, CMIP5, and aqua‐planet sensitivity simulations (section 4)
suggests that the observed enhanced warming over the subtropical ocean contains a component of
first‐order response to global warming as a result of background convergence of surface water, independent
of the PDO. The enhanced subtropical warming shifts the MMTG and drives the tropical expansion.
Therefore, it is plausible that global warming may have already significantly contributed to the observed tro-
pical expansion, especially over the ocean‐dominant Southern Hemisphere.
Data Availability Statement
The data sets can be accessed with the following links: HadISST (https://www.metoffice.gov.uk/hadobs/
hadisst/), OISST (https://www.esrl.noaa.gov/psd/data/gridded/data.noaa.oisst.v2.html), ERA5 (https://
www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5), CMIP5 (https://esgf-node.llnl.gov/search/
cmip5/), and PDO index (https://www.ncdc.noaa.gov/teleconnections/pdo/). The FESOM and ECHAM6
codes are publicly available from https://fesom.de/models/fesom14/ and https://www.mpimet.mpg.de/en/
science/models/mpi-esm/echam/, respectively. The aqua‐planet FESOM simulation is performed as
described in section 4.
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